Plasmid DNA vaccines capable of preventing viral, bacterial, and parasitic infections are currently under development. Our labs have shown that a plasmid DNA vaccine encoding the circumsporozoite protein of the malaria parasite elicits protective immunity against live sporozoite challenge in adult BALB/c mice. We now find that the same DNA vaccine induces tolerance rather than immunity when administered to 2-5 d-old mice. Neonatally tolerized animals were unable to mount antibody, cytokine or cytotoxic responses when rechallenged with DNA vaccine in vitro or in vivo. Tolerance was specific for immunogenic epitopes expressed by the vaccine-encoded, endogenously produced antigen. Mice challenged with exogenous circumsporozoite protein produced antibodies against a different set of epitopes, and were not tolerized. These findings demonstrate important differences in the nature and specificity of the immune response elicited by DNA vaccines versus conventional protein immunogens. ( J. Clin. Invest. 1996. 98: 2700-2705.)
Introduction
Infectious organisms are a major source of morbidity and mortality worldwide. Preventing these infections is a public health priority and the primary goal of vaccine research. New vaccine development has been revolutionized by the finding that antigen-encoding DNA plasmids can induce cellular and humoral immune responses against pathogenic viruses, parasites and bacteria (1) (2) (3) (4) (5) . DNA vaccines successfully prevent infection in a variety of animal models, and are currently undergoing phase I clinical trials in humans. These vaccines are composed of an antigen-encoding gene whose expression is regulated by a strong mammalian promoter expressed on a plasmid backbone of bacterial DNA (1, 6) . When injected intramuscularly (i.m.) or intradermally (i.d.), DNA vaccines are transcribed, translated, and the protein they encode presented to the immune system in the context of self MHC (1, 6, 7) .
A variety of DNA vaccines (administered i.m. or i.d.) induce strong protective immune responses in adult animals (1-3, 8, 9 ). Yet most vaccines intended for human use are administered to infants and children. Due to the immaturity of their immune system, newborns exposed to foreign antigens are at risk of developing tolerance rather than immunity (10). A number of factors influence the development of neonatal tolerance, including the nature, concentration and mode of antigen presentation to the immune system, and the age of the host (11) (12) (13) . Evidence suggests that recognition of foreign determinants is acquired at distinct stages of maturation, ranging from early gestation until days or weeks after birth (11, 12, (14) (15) (16) . Since the protein encoded by a DNA vaccine is produced endogenously and expressed in the context of self MHC, the potential exists for the neonatal immune system to recognize it as 'self,' resulting in tolerance rather than immunity.
Our research focused on a DNA vaccine encoding the circumsporozoite protein of the Plasmodium yoelii (PyCSP) 1 malaria parasite. This pCSP DNA vaccine induces an antibody and CTL response that protects adult BALB/c mice from subsequent challenge with live sporozoites (3), and thus is considered an important model for human antimalarial vaccine development. Unlike its effect in adults, we find the pCSP DNA vaccine induces long-lasting tolerance when administered to newborn mice.
Methods
Reagents. The pCSP DNA vaccine was constructed by cloning the DraI-EcoRV fragment of the PyCSP gene into the HincII site of pBluescript II SK( ϩ ) (Stratagene Inc., La Jolla, CA), and then transferring it into the Sal I/Klenow-filled and BamHI sites of a kCMVinBL vector (a modified pUC18-based plasmid pCMVintBl [7] ) where the ampicillin-resistance gene was replaced with a kanamycin resistance gene by using the pBluescript XhoI/Klenow-filled and BamHI restriction endonuclease sites located 5 Ј and 3 Ј , respectively, to the PyCSP coding sequence, as previously described (3). Expression of PyCSP was tested by in vitro transfection of BHK cells and immunoblot analysis of cell lysates. Plasmid DNA was purified by cesium chloride gradient centrifugation, sterilized by ethanol precipitation, and demonstrated to be endotoxin-free before being dissolved in sterile PBS for injection.
A series of P. yoelii CS protein derived antigens were used in ELISA, CTL, and/or in vivo stimulation experiments. CS.1 is an immunoaffinity-purified fusion protein produced in Escherichia coli , and consists of amino acids 64-321 of the intact PyCSP protein fused to 81 AA of the nonstructural protein of influenza A (3, 17) . A series of 17 synthetic peptides were used to map the epitope specificity of serum antibodies reactive with PyCSP. The AA sequence of peptides recognized by anti-CS antibodies was: peptide 3, GYGQNKSNQ Animals. Female BALB/c mice were bred and maintained in the specific pathogen animal colony at the Center for Biologics Evaluation and Research. Mice were immunized between 2 d and 6 wk of age and boosted from 6 wk to 6 mo of age. Adults were immunized and boosted in both quadriceps muscles with 40 g of plasmid DNA, while 10 g of vaccine was injected into the gluteus maximus of mice under 1 wk of age. 50 g of CS.1 protein emulsified in Complete Freund's adjuvant was injected intraperitoneally (i.p.) into adult mice, while 20 g of soluble CS.1 was injected i.p. into newborns (18) .
3-6 wk after immunization, animals were bled by retro-orbital puncture, killed by cervical dislocation, and their spleens removed aseptically. Sera was stored at Ϫ 70 Њ C and assayed for antibody by ELISA while freshly isolated cells were examined for cytokine production.
Cytokine ELIspot assays. 96-well Immulon 2 microtiter plates were coated with 10 g/ml of anti-IFN ␥ (clone RA6a2, Lee Bimolecular), or anti-IL-4 (clone DVD4-1D11, Endogen, Boston, MA) in 0.1 M carbonate buffer (pH 9.6) for 3 h at room temperature (19) . The plates were blocked with PBS-5% BSA for 1 h and washed with PBS-0.025% Tween 20.
Spleen cell suspensions were prepared in complete medium (RPMI-1640 supplemented with 10% heat inactivated FCS, 1.5 mM L -glutamine and 100 U/ml of penicillin/streptomycin) as described (20). Serial dilutions of single cells suspensions, starting with 1-10 ϫ 10 5 cells/well, were incubated on anticytokine-coated plates in complete medium for 8-10 h at 37 Њ C in a humidified 5% CO 2 incubator. In some cases, PyCSP-derived T cell stimulatory peptides were included during the assay period. Plates were then washed with PBS-Tween and overlaid with 1 g/ml of biotinylated anti-IFN ␥ (clone XMG 1.2, Pharmingen, San Diego, CA) or anti-IL-4 (clone BVD6-24G2, Endogen) at 4 Њ C and then treated with a 1:2,000 dilution of avidin-conjugated alkaline phosphatase (Vector Laboratories, Burlingame, CA) for 2 h at RT. After a final wash, individual cytokine-secreting cells were visualized by the addition of a solution of BCIP/NBT (Kirkegaard and Perry Labs, Gaithersburg, MD).
Peptide and CS.1-specific ELISA assays. 96-well Immulon 1 microtiter plates were coated with 10 g/ml of immunoaffinity purified CS.1 protein or CS.1-derived synthetic peptides (sequences shown above) in carbonate buffer, pH 9.5 (21) . Plates were blocked with PBS 1% BSA, overlaid with serially diluted mouse serum, washed, and reacted with phosphatase-conjugated anti-mouse IgG (Southern Biotechnologies, Birmingham, AL). The concentration of specific antibody was determined by comparison to a standard curve generated using a high-titered anti-serum.
Cytotoxic T cell studies. CTL assays were performed as described (22) . Briefly, spleen cells from control or immunized mice were cultured at a density of 2 ϫ 10 6 /ml for 5 d with 2.5 M of peptide encoding the PyCSP CTL epitope. These cultures were maintained in complete medium that was supplemented with IL-2 on day 2. P815 mastocytoma (H-2 d ) and EL-4 thymoma (H-2 b ) targets were incubated with 2.5 M of the CTL peptide, a control peptide from the Plasmodium falciparum CSP, or no peptide for 18 h before assay (3, 23) . These targets were labeled with 0.1 mCi of 51 Cr (New England Nuclear, Boston, MA) and incubated at 37 Њ C for 6 h on the day of assay. 5,000 labeled targets were washed three times and incubated at various ratios with effector cells in 96-well U-bottom plates. Supernatants were harvested after 6 h and 51 Cr release measured. Net specific lysis was calculated by the formula: (percent lysis of cells pulsed with the PyCSP-specific peptide Ϫ percent lysis of cells pulsed with the unrelated peptide). All assays were carried out in triplicate.
Data analysis. All results represent the average of Ն 4 individually tested mice/group. Statistical significance was established using Student's t test.
Results
Humoral immune response to the pCSP DNA vaccine. The pCSP DNA vaccine incorporates the gene encoding the circumsporozoite protein (CSP) of the P. yoelii malaria parasite into the 1012 plasmid vector. When administered i.m. to adult BALB/c mice, the pCSP vaccine induces a strong IgG antiPyCSP antibody response (Fig. 1, lines 1 and 2 ) whereas no response was elicited by the 1012 plasmid vector (Fig. 1, line 3 ). Yet when administered to 2-5 d-old BALB/c mice, this vaccine failed to elicit anti-PyCSP antibodies (Fig. 1, line 4 ) . Similarly, no antibody response was detected when neonatal mice were immunized with the recombinant circumsporozoite fusion protein, CS.1 (Fig. 1, line 5 ). These findings suggest that newborns either do not recognize, or are tolerized by, the circumsporozoite protein.
To discriminate between these alternatives, mice were injected with pCSP or CS.1 at 2 d of age and then reimmunized as adults. Mice treated as neonates with CS.1 protein generated strong anti-PyCSP antibody responses when immunized/ boosted with CS.1 emulsified in Complete Freund's Adjuvant (CS.1/CFA) or the pCSP DNA vaccine as adults (Fig. 1, lines 6  and 7 ). This demonstrates that neonatal mice are not tolerized Figure 1 . BALB/c mice were immunized in both quadriceps muscles with pCSP, the plasmid vector from which it was derived, or CS.1 protein. 3 wk after immunization, a 1:100 dilution of serum from these animals was assayed by ELISA for IgG antibodies reactive with CS.1. Data represent the mean optical densityϮSD of sera from three to nine individually tested animals/group. The absence of PyCSP-specific antibodies in neonatally tolerized mice was confirmed by indirect fluorescent antibody testing of whole fixed malaria sporozoites ( [3] , data not shown).
by exogenous CS.1 protein. In contrast, neonatal mice treated with pCSP were unresponsive to subsequent immunization or boosting (at 6 wk to 9 mo of age) with the pCSP DNA vaccine (Fig. 1, lines 8 and 9 ). This lack of reactivity was uniquely associated with the administration of pCSP to neonatal mice, since ( a ) neonatal mice treated with 1012 vector (lacking the CSPencoding gene) were not tolerized to pCSP (Fig. 1, line 10 ) and ( b ) the same vaccine administered to adult mice was highly immunogenic (Fig. 1, lines 1 and 2 ). We thus conclude that the pCSP DNA vaccine (unlike soluble CS.1 protein) induces tolerance rather than immunity when administered to neonatal mice.
Epitope specificity of anti-CSP antibodies. To identify the epitopes that elicited humoral tolerance in pCSP-treated neonatal mice, adult animals were immunized with pCSP or CS.1/ CFA. Sera obtained 3 and 6 wk after immunization were screened for reactivity against a panel of 17 synthetic peptides spanning the length of the PyCSP protein (23) . Peptide 25 was recognized by sera from both pCSP and CS.1/CFA immunized mice (Fig. 2, lines 1-4 ). By comparison, peptides 3, 19, 21 , and 22 were uniquely recognized by sera from mice immunized with the pCSP DNA vaccine while peptides 9, 10, 14, and 15 were uniquely recognized by sera from CS.1/CFA-immunized animals (Fig. 2, lines 1-4 ) . The remaining peptides were not recognized by any sera. These observations indicate that immune recognition of epitopes on the circumsporozoite protein differed among mice immunized with the pCSP DNA vaccine versus exogenous CS.1 protein.
Although no anti-PyCSP response was elicited when mice tolerized as neonates with pCSP were immunized or boosted with that DNA vaccine as adults (Fig. 2, line 5 ), neonatally tolerized mice were able to produce IgG anti-PyCSP antibodies when immunized with CS.1 protein emulsified in CFA (Fig. 1,  lines 9 and 10 ). Of interest, antibodies from such mice bound to peptides 9, 14, and 15, but not peptide 25 (Fig. 2, line 6 ). These findings indicate that tolerance was selectively induced against those epitopes expressed in an immunogenic form by endogenously produced, pCSP-encoded antigen. (23) were used to analyze the epitope specificity of the antibody response elicited by pCSP or CS.1/CFA in BALB/c mice. Mice were treated as neonates at 2-5 d of age, primed at 7 wk of age, and boosted at 3 mo of age. The same pattern of antibody responsiveness was observed in mice immunized and/or boosted up to 9 mo after neonatal administration of pCSP. Data represent the mean optical densityϮSD of sera from three to nine animals/group individually tested using a peptide-specific ELISA (see Fig. 1 for details) .
Effect of pCSP on cytokine production. The pattern of cytokines elicited by the administration of pCSP was then examined. Our lab previously showed that adult BALB/c mice immunized with pCSP significantly increased their production of the Th2 cytokine IL-4 (Fig. 3, line 2 and [21] ), while secondary immunization of adults induced increased secretion of the Th1 cytokine IFN ␥ (see reference 21). Consistent with those results, mice treated as neonates with exogenous CS.1 protein and then immunized as adults with pCSP or CS.1/CFA produced both IL-4 and IFN ␥ in vivo (Fig. 3, lines 4 and 5 ). In contrast, no activation of IL-4 or IFN ␥ -secreting cells was detected in mice tolerized to pCSP as neonates and then immunized with that DNA vaccine as adults (Fig. 3, lines 1 and  3 ). These findings suggest that classical neonatal tolerance (characterized by the absence of antibody or cytokine production) was elicited against epitopes present on the pCSP-encoded antigen.
An antigen restimulation assay was used to determine whether memory T cells were present in tolerized mice. Our lab previously showed that such cells are rapidly induced to release Th1 or Th2 cytokines when exposed to their target antigen in vitro (24) . Initial experiments examined the response of spleen cells from adult BALB/c mice immunized with pCSP. As seen in Fig. 3 ( lines 8 and 9 ), exposure to intact CS.1 protein or an immunogenic 16-AA peptide from that protein stimulated the production of both IL-4 and IFN ␥ . In contrast, splenocytes from neonatally tolerized mice did not respond to in vitro stimulation by full length CS.1 or the immunostimulatory Th peptide (Fig. 3, lines 6 and 7 ) . These findings support the conclusion that pCSP is a toleragen rather than an immunogen in neonatal mice.
Effect of the pCSP DNA vaccine on cytotoxic T cell responses. A final series of experiments examined the capacity of neonatally tolerized mice to generate an antigen-specific CTL response. Sedegah et al. previously demonstrated that T cells from pCSP-immunized adult mice could lyse MHCmatched targets expressing the immunodominant CTL peptide present on the CSP protein (3). This CTL activity was de- Figure 3 . Cytokine ELIspot assays were used to detect individual IL-4 and IFN␥ secreting BALB/c spleen cells (34, 35) . Panel A examines the number of spleen cells actively secreting cytokine in vivo in mice 3 wk after pCSP or CS.1 treatment when compared with age-matched controls (averageϮSD of three individually studied mice/group). There were ‫ف‬ 50/10 6 spleen cells spontaneously secreting IL-4 and 120/10 6 spontaneously secreting IFN␥ in control mice. Panel B examines spleen cells from pCSP-treated mice (3 wk after treatment) that could be stimulated to secrete cytokine after 10 h of in vitro stimulation with 10 g/ml of CS.1 or P16 (a stimulatory T cell epitope on PyCSP, [23, 24] ). Spleen cells from untreated mice acted as age-matched controls. Data represent the averageϮSD of six individually studied mice/group. tected by restimulating antigen-reactive lymphocytes in vitro, and then monitoring their cytotoxicity against peptide-pulsed targets. We found that mice treated with CS.1 protein as neonates and then immunized as adults with pCSP mounted a strong cytotoxic response against peptide-pulsed MHC-matched targets (Fig. 4, left ) . Unpulsed targets, and peptide-pulsed targets expressing the wrong MHC type, were not lysed (Fig. 4 and data not shown). In contrast, spleen cells from mice tolerized as newborns and immunized as adults with pCSP were unable to generate CTL against MHC-matched peptide-pulsed targets, despite in vitro restimulation with an optimally immunogenic CTL peptide (Fig. 4, right ) .
Discussion
The development of vaccines capable of preventing bacterial, viral and parasitic infections is an important goal of biomedical research. DNA vaccines offer great promise towards this goal, since they are easy to construct and manufacture, and are cost competitive with conventional attenuated and subunit vaccines. Since the protein encoded by a DNA vaccine is produced endogenously and expressed in the context of self MHC, this form of vaccination is particularly efficient at eliciting protective CTL as well as humoral immune responses in adult animals (1, 8) . This report examines the effect of DNA vaccination of young mice, since many human vaccines are designed for use in children and newborns. Our results suggest that this mode of antigen presentation is capable of inducing neonatal tolerance rather than immunity.
Our research examined the pCSP DNA vaccine, which encodes the circumsporozoite protein of the P. yoelii malaria parasite. Previous studies showed that immunization of adult BALB/c mice with this vaccine induced protective immunity against subsequent challenge with live sporozoites (3) . Yet when this DNA vaccine was administered to 2-5 d-old mice, we found that long-lasting neonatal tolerance (persisting for Ͼ 9 mo, the duration of experimental follow-up) resulted. Mice tolerized as newborns were unable to mount antibody, cytokine or cytotoxic T cell responses against the pCSP-encoded antigen when challenged with DNA vaccine as adults. The induction of tolerance was critically dependent on both the age at which the vaccine was administered and the presence of the PyCSP-encoding gene. The pCSP vaccine did not induce tolerance when administered to mice Ͼ 2 wk of age. In addition, tolerance was never elicited by exogenous CS.1 protein or by 1012 plasmid lacking the PyCSP-encoding insert. This set of findings suggests that tolerance is selectively elicited when the neonatal immune system is confronted with an endogenously produced DNA vaccine-encoded antigen. The mechanism underlying this tolerance induction is uncertain, and remains a topic of ongoing research. Variables including the site, quantity, duration, and/or MHC processing/presentation of relevant antigenic determinants may be involved.
Several recent reports challenge the existence of neonatal tolerance, claiming instead that newborns actively mount an immune response against foreign antigens but that their response differs in cytokine and/or antibody profile from that elicited in adults (25, 26) . Our results do not support such a hypothesis, since pCSP-tolerized mice were unable to mount either Th1 (IFN ␥ ) or Th2 (IL-4) cytokine responses when challenged with pCSP in vitro or in vivo. In contrast, adult mice immunized and/or boosted with this DNA vaccine were stimulated to secrete both types of cytokine. The profound state of neonatal tolerance observed following pCSP vaccination resembles classical self tolerance (27) (28) (29) (30) . We hypothesize that the neonatal responses reported by other authors (whose studies did not involve DNA vaccines) may represent incomplete tolerance induction.
It has also been reported that tolerance susceptibility is primarily determined by the maturity of the host's antigen presenting cells (31) . Since neonatal tolerance was selectively induced by the pCSP DNA vaccine rather than by exogenous CS.1 protein, we conclude that the concentration and/or mode of antigen presentation, rather than the maturity of resident antigen presenting cells, plays the more important role in tolerance susceptibility. Of note, we were unable to elicit neonatal tolerance against the CS.1 protein injected i.m. or i.p., even at doses up to 100 g/animal (data not shown). Other factors (such as the route of immunization, nature, or concentration of the encoded antigen, and the presence of immunostimulatory determinants in the plasmid backbone) may also affect the neonate's response, since not all DNA vaccines are toleragenic (32, 33) .
Animal studies and preliminary results from phase I trials indicate that DNA vaccines can be safely administered to human adults. Yet our findings demonstrate that DNA vaccines have the potential to induce tolerance rather than immunity in newborns. Ongoing studies will determine whether pCSP-tolerized neonates are at increased risk of infection by live sporozoites. Given the importance of vaccines in preventing childhood diseases, DNA vaccines targeted for use in children or newborns should be thoroughly tested for safety and efficacy in young animals, whose immune system reflects the functional activity and maturational age of the targeted human population.
